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Permanent magnet synchronous motor (PMSM) is a special type of 
synchronous electric motor that has many applications such as in the 
manufacturing industry of robots, self-propelled mechanisms, in the medical 
fiel. In this paper, the permanent magnet synchronous motor motor control 
structure according to the field-oriented control (FOC) algorithm will be 


implemented on the field-programmable gate array (FPGA) card. Function 
blocks in FOC algorithm for example PI controller, space vector pulse width 
modulation (SVPWM) algorithm will be integrated into individual itegrated 
circuit (Ics) then will be connected to form an IC with the function of 
implementing FOC algorithm. Furthermore, this algorithm will be used for 
powertrains using gallium nitride (GaN). GaN technology provides switching 
frequencies up to 100 kHz instead of the upper 2 to 20 kHz like insulated gate 
bipolar transistor (IGBT) transistors. With GaN technology, it is possible to 
reduce switching losses as well as increase the efficiency of the power 
converter. The performance results will be verified through the typhoon 
hardware in the loop (HIL) device. 
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1. INTRODUCTION 

Permanent magnet synchronous motor (PMSM) has outstanding advantages: very high efficiency up 
to 97.5%, the rotor speed is equal to stator magnetic field speed, so it is very stable and accurate in all 
adjustment areas speed. Many algorithms have been developed to improve control quality [1]. Besides, 
materials science is developing strongly, including research direction on high power density in the field of 
power electronics. Not only meet the power but also ensure the size in many applications example electric 
vehicles, airplanes [2]. Semiconductor technology using gallium nitride (GaN) material that allows switching 
with frequencies from 50 Hz to 200 Hz instead of 2 to 20 kHz in insulated gate bipolar transistor (IGBT) 
transistors [3]. Besides, GaN technology also allows operation at high temperatures and reduces switching 
losses. The efficiency of GaN technology is practically proven in DC/DC converters [4] or 3-phase voltage 
source inverters (VSI) [5]. However, to be compatible with large switching frequencies, the computing power 
of the microcontroller must be compatible. For example, in motor control if the switching frequency is 100 kHz, 
the current loop control must also be sampled at the corresponding 100 kHz, so the calculating time should 
be less than 10 us. With a high sampling frequency, the microcontroller’s resources will be limited since with a 
microcontroller we cannot perform many functions, and the control loops are limited [6]. Field-programmable 
gate array (FPGA) technology [7] provides multithreading capabilities, allowing high-frequency sampling [8] 
would be the appropriate choice. Furthermore, FPGA manufacturers also provide a system-on-chip (SoC) 
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environment useful for designers to synthesize, collect, and verify results [9]-[17], so FPGA technology is 
currently being widely used in transmission and power electronics. 

In this paper, the field-oriented control (FOC) algorithm will be implemented manually using the very 
high speed integrated circuit (VHSIC) hardware description language (VHDL) language on the Xilinx Zybo 
Zynq 7010 FPGA platform. Manual implementation of the algorithm helps us to understand the architecture of 
the FPGA and to be able to reuse the function block capabilities in other studies. They will be described in the 
next section. Figure 1 depicts the structure of the FOC algorithm that will be implemented in this work. 
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Figure 1. Block diagram of field-oriented control algorithm for permanent magnet synchronous motors drive 


2. IMPLEMENTING FOC ALGORITHM ON FPGA 

This section will present in detail the FOC algorithm to control the PMSM motor. The component 
blocks in Figure 1 correspond to a library packaged (IP) or an integrated circuit (IC). All these IP can be 
reused in other projects. We refer to [15]—[25] paper for algorithm implementation. 


2.1. FOC algorithm and modeling the permanent magnet synchronous motors 

The three-phase AC motor has a complex structure, and it has caused considerable difficulty in the 
mathematical description of the isolation characteristics that can be used to independently control the two 
flux-generating current components (excitation circuit current) and torque generating a current (armature 
circuit current). The field-oriented control provides a tool that allows separating the flux-generating current 
(Isa) and torque-generating current (/,,) components from the 3-phase alternating current flowing in the 
stator windings of the motor ( Isa» Isp, Isc ). The drive system controlled by the FOC method is a system that 
operates on the principle of isolating the above current components using a stator current regulating loop. 

The (1), (2), (3), (4) are the equations describing the dynamics of the pmsm motor on the rotation 


coordinate system dq. Through these equations, we can calculate the parameters for the current controller 
and the speed controller. 


Usa = Lsa Zsa + Rsisa — WeLsqisq (1) 
Usq = Log 22+ Reisg + Websatsa + Wey (2) 
Mac = 5Pp[Wisg + (Lsa — Lsq)isatsq] = Map + Ma (3) 
ee =P (Mac — welt) — Ti) (4) 


Assume the parameters of the induction motor are stator resistance Rs, magnetic flux pw, number of pairs 
pole pp, axial and transverse inductance Lsa, Lsq, synchronous speed, electric speed we. 
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2.2. Measurement of feedback current by XADC in FPGA 

XADC is an analog-to-digital converters (ADC) module integrated into the Xilinx FPGA series. 
XADC includes 2 channels of 12bit ADC, a built-in sensor, and 1 megasamples per second (MSPS) sampling 
rate. In this topic, we will use XADC to measure the stator current of the motor, so we will use analog input 
measurement pins to perform the measurement. XADC is a 2-channel ADC, measuring the voltage difference 
between 2 pins P and N to convert data. It has 2 operating modes, unipolar measurement mode, and bipolar 
measurement mode. 

In this article, we will use the unipolar mode of ADC In unipolar mode, XADC has a measuring range 
from O to 1V. Converts to the corresponding value from O00h to FFFh without accents. If the potential 
difference between the two terminals P and N is less than OV, the conversion value is 000h, or greater than 1V, 
the conversion value is FFFh. Since the ADC is 12 bit wide, 1 least significant bit (LSB) will correspond to 
1/4095 = 0.244e-3 V = 0.244 uV. To measure the current by XADC, we convert the stator phase current into a 
voltage according to the (5). 


U(V) = 0.01: 1(A) + 0.5 (5) 


Where I is the instantaneous value at the time of measurement (A), U is the voltage value applied to 
the XADC. From (5) we see the input voltage to XADC will be in the range of 0 to 1V. Since 1 LSB of 
XADC corresponds to 0.244uV, we will calculate the measurement limit in this case. 


2.3. Measurement the feedback speed of PMSM 

To measure the motor speed, we use the Incremental encoder to output pulses on two channels a and b. 
The pulses on 2 channels will be transmitted to the digital input pin of the FPGA, where we will perform 
computational programming to calculate the motor speed. If you do it the same way, surely the reading speed 
value will be wrong. The closer the encoder is to the motor, the more noise, the larger the motor power, 
the more noise. Therefore, it is necessary to prevent interference by both hardware and software. 

In this paper, I read the encode pulse value at 4 different times t1, t2, t3, t4 through which we can 
know whether the motor is rotating forward or backward in Figure 2. To calculate motor speed, we count the 
encodercount in a constant time. At this time, the encodercount variable will be equivalent to the rotation 
angle of the motor, dividing this value with the predetermined time will get the speed of the motor. In this 
application, we will perform rate sampling with a frequency of 2000 Hz. Since the clock frequency is 1 MHz, 
we will use a counter to count every time the counter counts up to the value 500, we multiply the 
encodercount variable by a constant to get the motor speed. 

Assume that when the variable counter is overflow, encodercount’s value is x, the number of pole 
pairs is Z,, encoder has n pulses per revolution (PPR), the electrical rotor speed is calculated (6). Set the 
values of zp, n depending on the parameter of motor and encoder. 


We = x. 2 2n(rad/s) (6) 
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Figure 2. The logic stage of incremental encoder channels 
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2.4. Coordinate system conversion 

According to Figure 1, the speed controller creates input for q-axis current controller and the input 
of the d-axis controller is zero by default. These inputs will be compared with the responses from the current 
sensor which was converted through clark transformation and park transformation (known as alpha-beta 
transformation and dq transformation respectively). The output of these controllers, which is in dq frame will 
be transformed to æf frame through dq to af transformation and then feed the SVM module. The following 
Table 1 show details about dq and ab transformation. 

To deploy the dq and ab transformation module in the FPGA card the (7) to (12) equations is 
introduced. The trigonometric functions Sin(@) and Cos(@) will be determined by using the look-up-table 
method. All this data will be moved to transformation module, from there can significantly reduce processing 
time because retrieving a value from memory is often faster than carrying out a computation. 


Table 1. Fomula for frame transformation 
Clarke transform Park transforms Invert park transform 
2 1 lsa = lsa * Cos(@) + Isg ` Sin( @)(9) i = Usa ` Cos( 0) — Ugg - Sin(@)(11) 


I 
| ed Pepe E E TC) 
sa = dsa 3 = ls 3> bse 37) ete ie re a Usa = Usa * Sin( 8) + Usq ` Cos(@)(12) 
) 


1 
Isg = Isp DPS 


2.5. Discrete PI controller 

PI controller is very popular in the industry. This kind of controller is supposed the most effective 
controller for motor control. In this paper, PI controller will be used for both speed and current controller. 
The speed controller generates the stator current reference Ij, ( Išą is zero by default), the outputs of current 
controllers are stator voltage Usd and Usq, which become the input of the digital SVPWM module. 
The PI controller is described in a differential as in (13). 


u(t) = Kp - e(t) + K; f e(t)dt (13) 


Where K, is the proportional gain, K; is the integral time constant, e(t) is the error (different bettwen reference 
and feedback) and u(t) is the control signal of the controller. The (13) illustrates a continous PI controller so to 
implement it on FPGA platform, a discrete one is needed. With the sample period T, the (13) also can become a 
difference equation by discretization as: 


u(k) = I(k — 1) + Kpe(k) ++: e(k) (14) 


The (14) illustrate a digital PI, it can be used for any digital controller, so is FPGA. Nevertheless, 
because of discretization with sampling time T so the quality of control will deplete. To reduce this effect, 
the smaller the sampling time is, the more effect is eliminated, l so the anti-windup is added to reduce the 
overshooting problem. 

— Saturation flag to control the anti-windup component. 

— when saturation = ‘1’, the controller is in saturation condition, the integral component is removed top 
prevent control signal from overshoot. 

— When saturation = ‘0’, the controller is not in saturation condition and work as a normal PI controller. 


2.7. Space vector PWM technique 

Space vector modulation (SVM) is a technique used for pulse width modulation (PWM); it is 
commonly applied for voltage source inverter (VSI). The biggest advantage of this technique is that it can 
utilize up to = time of DC side voltage (~ 0.577 Uac) compared to only 0.5 Ug, of the Sin PWM technique. 


In this research, it will be programmed to generate the gate pulse at frequency 100 kHz for 2-level VSI using 
GaN devices. The SVM algorithm divides the space vector on the stationary æf frame into 6 sectors by the 
basic vectors V, to V, shown in Figure 3, moreover, there are also two zero-vectors Vp and V,. 

Any voltage-vector in the af frame belongs to one of these six sectors and can be synthesized from 
two adjacent basic vectors and two zero vectors. For example, with vector u in Figure 3, it is the result of the 
synthesis from u4, Uz, and zero-vector according to the relation: u = d,u, + dzu2 + dgVo/7 (15). Where do, 
dı, d, is the duty-ratio of each vector, which is determined by the (16), (17). 


dı s3 Ug 
| S e hasl A 
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d, =1-d,-d, (17) 


Where M,, is a 2x2 matrix that depends on the sector as shown in Table 2. The duty ratio after being 
determined will be used to calculate da, dp, dç using the formula in Table 3, which is the duty cycle of the 
high side switch in the voltage source inverter. When finishing the calculation, they will be compared with 
triangle carrier waveform at frequency 100 kHz to generate the gate pulse to high-side switch, low-side 
switch gate pulse is the inverse of the high-side switch gate pulse. From the theory and equations presented 
above, the SVPWM technique is programmed on the FPGA platform, Figure 4 shows the block diagram of 
its implementation in this research. Each block is equivalent to an register-transfer level (RTL) module in 
FPGA design and connected by the interconnect wires. 


Figure 3. Basic vector and 6 sectors 
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Figure 4. Block diagram of SVPWM technique in FPGA xilinx 


Table 2. Value of matrix M, 


Sector 1 2 3 4 5 6 
Mx i —1 1 2 2 i —1 i 1 
v3 V3 V3 v3 v3 v3 
r 2 1 1 1 -1 o —2 


Z U a U a O wl 2 Z 


Table 3. Duty cycle for each sector 


Sector 1 2 3 4 5 6 
da dọ/2 + d; + d; d)/2+d, dy/2 dy/2 d)/2+d, d)/2+d,+d, 
dp do/2 + d3 doọ/2+dı +d, d)/2+d,+d, d)/2+d, do/2 do/2 
de do/2 dy/2 d)/2+d, dj)/2+d,+d,  d)/2+d,+d, do/2 + dz 
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3. RESULTS AND DISCUSSION 

This section shows some test results with hardware in the loop (HIL) storm to show the validity of the 
study. FPGA and HIL storm connection diagram is shown in Figure 5, experimental model is given in Figure 6 and 
parameters are given in Table 4 and Table 5. Figure 6 presents the structural diagram of HIL experimental system. 


Table 4. Parameters of pmsm 
R, Lsa Lsq R, J Pole pairs Flux linkage 
0.5Q 0.0022H 0.0022H 0.97Q  3.24e-3 Kg.m/s? 4 0.1861 Wb 


Table 5. Parameters of VSI circuit and controllers 


VSI circuit Controller 
Parameters Value Controller Kp K; Limit 
Uac: 600 V Speed controller 0.26 2.01 +22 
fw: 100 kHz Current controller 8.60 227.27 +18 
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Figure 6. The experimental setup 
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3.1. Resource usage and processing time 

Where we see that the calculation speed of the FPGA is quite fast 0.22 us while the sampling period 
is 10 us as shown in Figure 7 from there we can use the calculation results for other purposes instead of 
waiting for the next period. resources used the account for 1/3 —> 1/2 of the total resources of the FPGA 
shown in Table 6. Thus, designer can choose the appropriate allocation and the corresponding scheduling 
which fit the best his application. 


Table 6. Device utilization in FPGA board 


Resource Used Available Utilization (%) 
Look Up Table (LUT) 6232 17600 35.41 
Flip Flop (FF) 1751 35200 4.97 
BRAM 1 60 47.6 
DSP 24 80 30.00 
I0) 18 100 18.00 


224. 1LIns 


Figure 7. Procesing time in FPGA 


3.2. Result when launching with typhoon HIL devices 

This section will show the three-phase stator current response of pmsm motor when load is Nm, there by 
showing the efficiency of FOC algorithm when implemented on fpga card. The sinusoidal stator current response 
evaluation of FOC control structures at speed of 280 rad/s are expressed through Figure 8(a), Figure 9(a) and 
Figure 8(b), Figure 9(b) with speed of 30 rad/s when variable load. Figure 10 shows the appropriate speed and 
torque response to the requirements. The amplitude, frequency of the current and the motor speed are in full 
agreement with the theory. 
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Figure 8. Stator current of 1* scenario when speed command is: (a) 280 rad/s and (b) 30 rad/s scenario 2: 
operating with constant load -15Nm 
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Figure 9. Stator current of 2"4 scenario when speed command is: (a) 280 rad/s and (b) 30 rad/s 
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Figure 10. Torque and speed response 


4. CONCLUSION 

The implementation of a vector control algorithm using FPGA for permanent magnet synchronous 
motor drive was successfully developed by manual coding method in this contribution. PMSM motor can 
operate in a wide speed range with a single parameter of PI controller. The results in the paper show the 
effectiveness of FPGA cards in power electronics applications. Shows that it is possible to integrate an 
algorithm into a dedicated IC and we can reuse this integrated IC in many different cases. In some cases, FPGA 
cards can completely replace current microcontrollers to increase the system’s performance in computing. 
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